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Summary 
The effects of empennage arrangement and after- 

body boattail design (upper/lower nozzle-flap boat- 
tail angle versus nozzle-sidewall boattail angle) of 
nonaxisymmetric nozzles on the aeropropulsive char- 
acteristics of a twin-engine fighter-type model have 
been determined in an investigation conducted in the 
Langley l6-Foot Transonic Tunnel. Three nonax- 
isymmetric and one twin axisymmetric convergent- 
divergent nozzle configurations were tested with 
three different tail arrangements: a two-tail V-shaped 
arrangement; a staggered, conventional three-tail ar- 
rangement; and a four-tail arrangement similar to 
that on the F-18. Two of the nonaxisymmetric noz- 
zles were also vectorable. Tests were conducted at 
Mach numbers from 0.60 to 1.20 over an angle-of- 
attack range from - 3 O  to 9'. Nozzle pressure ratio 
was varied from 1 (jet off) to approximately 12, de- 
pending on Mach number. 

Results of this study indicate that at design nozzle 
pressure ratio, the medium-aspect-ratio nozzle (with 
equal boattail angles on the nozzle sidewalls and up- 
per and lower flaps) had the lowest zero-angle-of- 
attack drag of the nonaxisymmetric nozzles for all 
tail configurations at subsonic Mach numbers. The 
drag levels of the twin axisymmetric nozzles w6re 
competitive with those of the medium-aspect-ratio 
nozzle at subsonic Mach numbers and clearly had the 
lowest drag at a Mach number of 1.20. Unfavorable 
tail interference effects were present at all test con- 
ditions. Tail interference drag increments increased 
with increasing subsonic Mach number, a result ac- 
counting for as much as 60 percent of the drag on the 
entire aft end at a Mach number of 0.90. The four- 
tail arrangement generally produced the most un- 
favorable interference, and the medium-aspect-ratio 
nozzle generally had the least unfavorable tail inter- 
ference at subsonic Mach numbers. 

Introduction 
The mission requirements for the next genera- 

tion of fighter airplanes may define a very versatile 
and agile vehicle capable of operation over a wide 
range of flight conditions and from short or bomb- 
damaged runways. Meeting these requirements may 
mean that the airplanes will have variable-geometry 
multifunction nozzles to provide high internal per- 
formance as well as thrust vectoring and reversing. 
Variable-geometry nozzles cause important aft-end 
parameters such as aft-end closure and local boat- 
tail angles to  change continuously throughout the 
operating range of Mach number, angle of attack, 
and engine pressure ratio and thus further compli- 
cate the already complex flow field associated with 

twin-engine afterbodies. Many studies have shown 
that large drag penalties can result from integration 
of the propulsion system into the airplanes because 
of adverse interactions originating from empennage 
surfaces, base areas, actuator fairings, and tail booms 
(refs. 1 to 5). 

Considering the effect of the aforementioned re- 
quirements, when using nonaxisymmetric nozzles, 
throat aspect ratio (the ratio of throat width to 
throat height) is one of the important aft-end design 
variables. For a fixed nozzle throat area, nozzle exit 
area, and cross-sectional area of the fuselage nozzle 
connect station, variations in nozzle throat aspect ra- 
tio result in external nozzle boattail variations. For 
example, a nozzle with a low throat aspect ratio 
might dictate large sidewall boattail angles (relative 
to upper/lower nozzle-flap boattail angles) to fair the 
fuselage into the nozzle exit. Conversely, a nozzle 
with a high throat aspect ratio (with the combina- 
tion of increased nozzle throat width and decreased 
height) dictates more shallow nozzle-sidewall boat- 
tail angles and steeper upper/lower nozzle-flap boat- 
tail angles. To date, little information is available 
concerning the effects of trading nozzle-sidewall and 
upper/lower nozzle-flap boattail angles on installed 
afterbody performance characteristics. 

This paper presents the results of an investiga- 
tion in the Langley l6-Foot Transonic Tunnel in 
which the nonaxisymmetric nozzle boattail design 
(upper/lower nozzle-flap boattail angle versus nozzle- 
sidewall boattail angle) was systematically varied 
and compared with a twin axisymmetric nozzle con- 
figuration. Three nonaxisymmetric aft-end nozzle 
configurations were tested representing three dif- 
ferent values of nozzle throat aspect ratio. The 
low-aspect-ratio nozzle had sidewall boattail an- 
gles nearly twice the magnitude of the upper/lower 
nozzle-flap boattail angles. The nozzle configuration 
with medium throat aspect ratio had equal boattail 
angles on the nozzle sidewalls and upper/lower flaps. 
The high-aspect-ratio nozzle resulted in upper/lower 
nozzle-flap boattail angles approximately twice as 
large as the nozzle-sidewall boattail angles. Because 
aft-end aeropropulsive characteristics are often so de- 
pendent on configuration (refs. 6 to 8), the inter- 
ference effects of three different empennage arrange- 
ments were assessed in conjunction with the aft-end 
closure variations. Tests were conducted on the twin- 
engine propulsion model at Mach numbers from 0.60 
to 1.20, angles of attack from -3' to go, and nozzle 
pressure ratios up to  approximately 12. 



Symbols 
Model forces and moments are referred to the sta- 

bility axis system with the model moment reference 
center located 1.75 in. above the model centerline at 
fuselage station 36.06 in., which corresponds to 0.252. 
All coefficients are nondimensionalized with respect 
to qmS or qmSC. A discussion of the data reduction 
procedure and definitions of the aerodynamic force 
and moment terms and the propulsion relationships 
used herein are presented in the appendix. The sym- 
bols in parentheses appear in the computer printout 
tables. 

A 

A, 

An,,, 

Amb,l 

Amb,2 

AR 

Aseal, 1 

Aseal,:! 

Aseal,3 

A t  

C D  

CD,a f t  

2 

afterbody model cross- 
sectional area, in2 

nozzle exit area, in2 

maximum cross-sectional 
area of model wing- 
fuselage combination, 
73.64 in2 

model cross-sectional 
area at  FS 44.75 
and FS 48.25, 49.14 in2 

model cross-sectional area 
at  FS 66.25, 38.78 in2 for 
axisymmetric nozzle and 
38.87 in2 for nonaxisym- 
metric nozzles 

nozzle throat aspect ra- 
tio, Throat width/Throat 
height 

cross-sectional area 
enclosed by seal strip at 
FS 44.75, 47.18 in2 

cross-sectional area 
enclosed by seal strip at 
FS 48.25, 47.34 in2 

cross-sectional area en- 
closed by seal strip at  
FS 66.25, 35.81 in2 for 
axisymmet,ric nozzle and 
35.16 in2 for nonaxisym- 
metric nozzles 

nozzle throat area, in2 

drag coefficient of entire 
aft end 

(CDAFT) drag coefficient of after- 

(CD) 

body (plus tails) 

CP 

- 
C 

D 

Df 

(CLAFT) 

(CLNOZ) 

(CLT) 

(CM) 

(CMAFT 

drag coefficient of nozzle 

drag coefficient of tails 

drag-minus-thrust coeffi- 
cient, C ( D - F )  = CD at 
NPR = 1 (jet off) 

increment in empen- 
nage interference di'ag 
coefficient on afterbody 
(eq. (A1311 

increment in empen- 
nage interference drag 
coefficient on nozzle 
(eq. (A12)) 

increment in empennage 
interference drag coef- 
ficient on entire aft end 
(es. (A l l ) )  

lift coefficient of entire aft 
end 

lift coefficient of after- 
body (plus tails) 

lift coefficient of nozzle 

total lift coefficient (in- 
cluding thrust compo- 
nent) of entire aft end, 
C L , t  
(jet off) 

pitching-moment coeffi- 
cient of entire aft end 

pitching-moment coeffi- 
cient of afterbody (plus 
tails) 

pitching-moment coeffi- 
cient of nozzle 

total pitching-moment 
coefficient (including 
thrust component), 

(jet off) 

pressure coeficient , 

CL at NPR = 1 

C m , t  E Cm at NPR 1 

( P  - PCo) /qm 

wing mean geometric 
chord, 14.47 in. 

drag, lbf 

friction drag, lbf 



FA 

FA ,M bal 

FA,mom 

FA ,S bal 

Faft 

Fi 

Fj 

FN 

F T  

Lft 

9 

M 

NPR 

P 

Pes,I 

Pes,2 

 pes^ 

Pi 

p t , j  

P K J  

900 

axial force of entire aft 
end, lbf 

axial force measured by 
main balance, lbf 

axial-force momentum 
tare due to bellows, lbf 

axial force measured by 
afterbody shell balance, 
lbf 

axial force of afterbody 
(plus tails), lbf 

ideal isentropic gross 
thrust (eq. (A3)), lbf 

thrust along body axis, 
lbf 

measured normal force, 
lbf 

resultant gross thrust, 

afterbody length, 
23.45 in. 

gravitational constant, 
32.174 ft/sec2 

(MACH) free-stream Mach number 

nozzle pressure ratio, 

local static pressure, psi 

average static pres- 
sure at external seal at 
FS 44.75, psi 

average static pressure at 
external seal at FS 48.25, 
psi 

average static pressure at  
external seal at FS 66.25, 
psi 

average internal static 
pressure, psi 

average jet total pressure, 
psi 

free-stream static pres- 
sure, psi 

free-stream dynamic 
pressure, psi 

Pt,j/Pcc 

gas constant, 53.364 
ft-lb/lb-'R for air 

wing reference area, 
664.4 in2 

jet total temperature, OR 

ideal weight-flow rate, 
lbf/sec 

measured weight-flow 
rate, lbf/sec 

axial distance from 
FS 48.25, in. 

(ALPHA) angle of attack, deg 

nozzle boattail chord 
angle (see fig. 4(a)), deg 

nozzle boattail terminal 
angle (see fig. 4(a)), deg 

ratio of specific heats, 
1.3997 for air 

measured resultant 
thrust vector angle, 
tan-'(FN/FA), deg 

design thrust vector 
angle, measured from 
horizontal reference line, 
positive down, deg 

divergent flap angle (see 
fig. (4(a)), deg 

Subscripts: 
1 

side 

U 

Abbreviations: 

AX1 

BL 

FS 

HI 

LO 

MED 

WL 

lower 

nozzle sidewall 

axisymmet ric 

buttock line, in. 

fuselage station (axial 
location described by 
distance from model 
nose), in. 

high aspect ratio 

low aspect ratio 

medium aspect ratio 

waterline, in. 
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Apparatus and Procedure 

Facility 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel, a continuous-flow, single- 
return, atmospheric wind tunnel with a slotted oc- 
tagonal test section and continuous air exchange. 
The wind tunnel has a continuously variable air- 
speed up to a Mach number of 1.30 with test-section 
plenum suction used for speeds above a Mach num- 
ber of 1.05. A complete description of the facility and 
operation characteristics can be found in reference 9. 

I 

Model and Support System 

Details of the generic, air-powered, twin-engine 
fighter afterbody model and wingtip support system 
used in this investigation are presented in figure 1. 
Photographs of the model and support system in- 
stalled in the Langley 16-Foot Transonic Tunnel are 
shown in figure 2. Sketches of the afterbody exter- 
nal geometry are presented in figure 3. Sketches of 
the nozzles and tails are presented in figures 4 and 5, 
respectively. 

The wingtip support system shown in figure 1 
consisted of three major portions: the twin sup- 

~ port booms, the forebody (nose), and the wing- 
centerbody combination. These pieces made up the 
nonmetric portion (that portion of the model not 
mounted on the force balance) of the twin-engine 
fighter model. The fuselage centerbody was essen- 
tially rectangular in cross section and had a con- 
stant width and height of 10.00 in. and 5.00 in., re- 
spectively. The maximum cross-sectional area of the 
fuselage centerbody was 49.14 in2. The support sys- 
tem forebody (nose) was typical of a powered model 
in that the inlets were faired over. For this test 
the wings were mounted in a “high-wing” position 
(1.75 in. above the model centerline), an arrangement 
which is typical of many current fighter designs. The 
support system wing had a 45’ leading-edge sweep, 

cranked trailing edge (fig. l(c)). The NACA 64-series 
airfoil had a thickness ratio of 0.067 near the wing 
root to provide a realistic wake on the afterbody. 
However, from BL 11.00 outboard to the support 
booms. the wing thickness ratio increased from 0.077 
to 0.10 to provide adequate structural support for 
the model and to permit transfer of compressed air 
from the booms to the model propulsion system. 

The metric portion of the model (aft of FS 44.75) 
was mounted on the main balance and consisted of 
the internal propulsion system, afterbody, nozzles, 

FS 48.25 to FS 66.25 and tails (when installed) were 

I 

~ ’ 

l a taper ratio of 0.43, an aspect ratio of 2.4, and a 

i 

l and tails (when installed). The afterbody shell from 

attached to an afterbody balance, which was in turn 
attached to the main balance. The main balance was 
grounded to the nonmetric wing-centerbody section. 
The nozzles were attached to the main force balance 
through the propulsion system piping. Three clear- 
ance gaps (metric breaks) were provided between the 
nonmetric and individual metric portions (afterbody 
and nozzles) of the model at FS 44.75, FS 48.25, and 
FS 66.25 to prevent fouling of the components upon 
each other. A flexible plastic strip inserted into cir- 
cumferentially machined grooves in each component 
impeded flow into or out of the internal model cavity. 

In this report, the section of the model aft of 
FS 48.25 is referred to as the entire aft end (which in- 
cludes afterbody, nozzles, and tails, when installed). 
The section of the model from FS 48.25 to  FS 66.25 
is referred to as the afterbody, and the section aft 
of FS 66.25 is considered the nozzles. A skin- 
friction drag adjustment to the axial force measured 
by the main balance was made for the constant 
cross-sectional area segment between FS 44.75 and 
FS 48.25. 

The afterbody had a constant cross-sectional 
area between FS 48.25 and FS 61.30. The ex- 
ternal contours of the afterbody-nozzle combina- 
tion aft of FS 61.30 are provided in figure 3(a). 
Cross-sectional area distributions for the axisym- 
metric and nonaxisymmetric nozzle afterbodies are 
shown in figure 3(b) and are nearly identical for all 
configurations. 

Sketches of the nozzle internal geometry are pro- 
vided in figure 4. All nozzle configurations repre- 
sented dry (maximum nonaugmented) power settings 
of convergent-divergent designs and had a nominal 
expansion ratio (ratio of exit area to  throat area) of 
1.4. The three nonaxisymmetric nozzles represented 
three different nozzle throat aspect ratios (ratio of 
throat width to throat height), resulting in three dif- 
ferent nozzle boattail designs (boattail angle on the 
upper/lower nozzle flaps versus the boattail angle on 
the nozzle sidewalls). The low-aspect-ratio (LO) noz- 
zle (fig. 4(a)), which had a throat aspect ratio of 
3.5, had an upper/lower nozzle-flap boattail chord 
angle (pc,u,l) approximately one-half the magnitude 
of the nozzle-sidewall boattail chord angle (&ide). 
The medium-aspect ratio (MED) nozzle (AR = 5.5) 
had equal boattail chord angles on the upper/lower 
nozzle flaps and nozzle sidewalls (fig. 4(b)). The 
high-aspect-ratio (HI) nozzle (AR = 7.5) had an 
upper/lower nozzle-flap boattail chord angle that was 
twice the size of the boattail chord angle on the noz- 
zle sidewalls (fig. 4(c)). 

Although the nonaxisymmetric afterbody-nozzle 
models tested represented a twin-engine configura- 
tion, exhaust flow from the two individual tail pipes 
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was exhausted through a common nonaxisymmet- 
ric nozzle. In addition to forward mode operation 
(6, = O'), the medium- and high-aspect-ratio noz- 
zles had the capability for thrust vectoring in the 
pitch direction. The upper/lower nozzle divergent 
flaps were rotated about a pivot at the nozzle throat 
to a setting of 6, = 20' for the medium-aspect-ratio 
nozzle and to settings of 6, = 10' and 20' for the 
high-aspect-ratio nozzle. 

The twin axisymmetric nozzles investigated are 
shown in figure 4(d). As seen, the nozzle external 
shape is conical over the last 3.15 in. and has an 
external boattail chord angle equal to 10.0'. Details 
of the nozzle interfairing region are provided in the 
table included in figure 4(d). 

The afterbody had provisions for mounting hor- 
izontal and vertical tails in three different arrange- 
ments (fig. 5): a two-tail V-shaped arrangement 
(twin vertical tails only with a 30' outward cant 
angle), a staggered, conventional three-tail arrange- 
ment, and a four-tail arrangement (the two-tail 
V-shaped configuration plus horizontal tails). No 
attempt was made to  optimize these tail configura- 
tions for low drag, and the axial position of the tails 
was not a variable in this investigation. Descriptions 
of the individual tails are provided in figures 5(b) 
and 5(c). The single and twin vertical tail planforms 
were identical. Individual root fairings (fillers) con- 
toured the tails to  the various nozzles, with clear- 
ance gaps provided between the nozzles and horizon- 
tal tails in order to  prevent fouling between the main 
and afterbody balances. 

Twin-Jet Propulsion System 
The twin-jet propulsion system is shown in fig- 

ure 1. An external high-pressure air system provides 
a continuous flow of clean, dry air a t  a controlled 
temperature of about 70'F at the nozzles. This high- 
pressure air is brought into the wind-tunnel main 
support strut where it is divided into two separate 
flows and passed through remotely operated flow- 
control valves. These valves are used to  balance the 
total pressure in each nozzle. 

The divided compressed airflows are piped 
through the wingtip support booms, through the 
wings, and into the flow-transfer bellows assemblies 
(fig. l(a)). The air in each supply pipe is discharged 
perpendicularly to  the model axis through eight sonic 
nozzles equally spaced around the supply pipe. This 
method is designed to eliminate any transfer of axial 
momentum as the air is passed from the nonmetric to 
the metric portion of the model. Two flexible metal 
bellows are used as seals and serve to compensate for 
the axial forces caused by pressurization (fig. 6). The 
cavity between the supply pipe and bellows is vented 

to the model internal pressure. The divided airflow 
is then passed through the tail pipes into the tran- 
sition sections and then into the exhaust nozzles. In 
the nonaxisymmetric nozzle configurations, a split- 
ter fairing helped transition the airflow from the two 
instrumentation sections to the single exhaust nozzle. 

Instrumentation 

Forces and moments on the metric portions of the 
model were measured by two six-component strain- 
gauge balances. The main balance measured forces 
and moments resulting from the nozzle gross thrust 
and the external flow field over the model aft of 
FS 44.75. The afterbody balance measured forces 
and moments resulting from the external flow field 
over the afterbody and empennage surfaces from 
FS 48.25 to FS 66.25. This tandem balance ar- 
rangement allows the separation of model component 
forces for data analysis. 

Five external seal static pressures were measured 
in each of the seal gaps at the first two metric breaks 
(FS 44.75 and FS 48.25), where the orifices were 
spaced about the right side of the model perime- 
ter. An additional six orifices, positioned about the 
model perimeter, measured the seal gap pressures 
at the third metric break (FS 66.25). At each of 
the breaks, the orifices were located on the upstream 
body. In addition to these external pressures, two in- 
ternal pressures were measured at each metric seal. 
These pressure measurements were then used to  cor- 
rect measured axial force and pitching moment for 
pressure-area tares as discussed in the appendix. 

A limited number of static-pressure orifices were 
located on the afterbody and nozzle boattails. Re- 
sults from these static-pressure orifices (because of 
the limited number) were used primarily as a di- 
agnostic tool and as supporting information to the 
balance force and moment measurements; hence, ex- 
act orifice locations are not defined herein. However, 
whenever static-pressure data are plotted, the figures 
contain sketches showing relative orifice locations. 

A critical-flow multiple venturi system was used 
to determine weight-flow rates for the nozzles and is 
described in detail in reference 10. Instrumentation 
in each nozzle consisted of a stagnation-temperature 
probe and a total-pressure rake. Each rake contained 
five total-pressure probes (fig. l(b)). 

All pressures were measured with individual pres- 
sure transducers. Data obtained during each tunnel 
run were recorded on magnetic tape and were re- 
duced with standard data reduction procedures. For 
each data point, 50 samples of data were recorded 
over a period of 5 sec and were averaged. 
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Tests 

This investigation was conducted in the Lang- 
ley l6-Foot Transonic Tunnel at Mach numbers 
from 0.60 to 1.20 and at angles of attack from -3" 
t o  9". Nozzle pressure ratio was varied from 1 (jet 
off) to approximately 12, depending on Mach num- 
ber. The basic data were obtained by varying an- 
gle of attack at  nozzle pressure ratios of 1 (jet off) 
and 5.6 (design pressure ratio) and varying nozzle 
pressure ratio at zero angle of attack. This investi- 
gation was conducted with different nozzles and em- 
pennage arrangements. Reynolds number based on 
the wing mean geometric chord varied from 4.4 x lo6 
to 5.28 x lo6. 

All tests were conducted with 0.10-in-wide 
boundary-layer transition strips consisting of No. 120 
silicon carbide grit sparsely distributed in a thin film 
of lacquer. These strips were located 1.0 in. from the 
tip of the forebody nose and on both upper and lower 
surfaces of the wings and empennage from 5 percent 
of the root chord to 10 percent of the tip chord. 

Presentation of Results 
The results of this investigation are presented in 

both tabular and plotted form. Table 1 is an index 
to the basic data presented in tables 2 to 24. The 
computer symbols appearing in these tables are de- 
fined in the section "Symbols" with their correspond- 
ing mathematical symbols that are described in the 
appendix. Note that NPR < 1.0 for jet-off data at 
A4 = 1.20 since total pressures measured in the noz- 
zle cavity are reduced by flow expanding over the 
nozzle boattails. Plotted basic and summary data for 
selected conditions are presented in figures 7 to 24 as 
follows: 

Figure 

Nozzle static internal performance . . . . .  7 

Basic data: 

Variation of aft-end aerodynamics characteristics 
with a at NPR = 1 (jet off) and 
NPR = 5.6 for- 
Tails off, variable nozzle configuration, 
61,=Oo . . . . . . . . . . . . . . . .  8 
AX1 nozzle, variable tail configiiration . . 9 
LO nozzle, variable tail configuration . . .  10 
MED nozzle, 6, = O", variable tail 
configuration . . . . . . . . . . . . .  11 
HI nozzle, 6, = O", variable tail 
configuration . . . . . . . . . . . . .  12 
HI nozzle, 6,) = lo", variable tail 
configuration . . . . . . . . . . . . .  13 
HI nozzle, tails off, variable 6, . . . . . .  14 

6 

Variation of aft-end aerodynamic characteristics 
at  a = 0" with NPR for- 
AX1 nozzle, variable tail configuration . . 15 
LO nozzle, variable tail configuration . . 16 
MED nozzle, 6, = 0", variable tail 
configuration . . . . . . . . . . . . .  17 
HI nozzle, 6, = O", variable tail 
configuration . . . . . . . . . . . . .  18 
HI nozzle, 6, = lo", variable tail 
configuration . . . . . . . . . . . . .  19 
HI nozzle, 6, = 20°, variable tail 
configuration . . . . . . . . . . . . .  20 

HI nozzle, tails off, M = 0.60, a = 0" 21 
Static pressures on nozzle upper and lower flaps, 

Summarv data: 

Aft-end and nozzle drag, variable nozzle-tail 

. . .  

combination, a! = O", NPR = 5.6, 
s,=oo . . . . . . . . . . . . . . . .  22 

Variation of tail interference drag 
increments with NPR, a = O", variable tail 
arrangement . . . . . . . . . . . . . .  23 

(a) AX1 nozzle 
(b) LO nozzle 
(c) MED nozzle, 6, = 0" 
(d) HI nozzle, 6, = 0" 

Summary of tail interference drag increments, 
a = O", NPR = 5.6, variable nozzle-tail 
combination, 6, = 0" . . . . . . . . . .  24 

Discussion 

Nozzle Static Internal Performance 
Nozzle internal thrust ratio FA/Fi ,  resultant 

thrust ratio F,/Fi, discharge coefficient wp/wi, and 
resultant thrust vector angle 6 are presented in fig- 
ure 7 as a function of NPR. Figure 7(a) compares 
the performance of the unvectored (6, = 0") noz- 
zles, and figures 7(b) and 7(c) show the effect of 
design thrust vector angle on internal performance 
for the medium-aspect-ratio (MED) and high-aspect- 
ratio (HI) nozzles, respectively. Note that the design 
NPR of 5.6 was not reached at static conditions. 

As seen in figure 7(a), the four unvectored nozzles 
had levels of discharge coefficient, thrust ratio, and 
resultant thrust ratio all within about 1 percerit of 
each other. As expected (see ref. ll), discharge 
coefficient decreased slightly with increasing nozzle 
aspect ratio. This effect is believed to result from 
a higher scrubbing drag due to the increased throat 
perimeter (surface area) as the throat aspect ratio 
increased. 

As expected, at NPR > 3.0 the resultant thrust 
vector angle was small (less than 1") and nearly 



independent of NPR, although fairly large angles 
(up to  6.3") were measured at NPR = 2.0. This 
phenomenon has been observed before (see ref. 12) 
and is probably caused by asymmetric internal flow 
separation. 

For the MED nozzle (fig. 7(b)), the measured 
resultant thrust vector angle exceeded the design 
thrust vector angle of 20" only at  NPR = 2.0, with 
S decreasing below 20" with increasing NPR. Vec- 
toring the nozzle also incurred a 2-percent loss in 
discharge coefficient, a loss noted previously on sim- 
ilar nozzle configurations (ref. 13) that is caused by 
changes in the location and physical geometry of the 
nozzle throat. As shown in figure 7(c) the HI noz- 
zle vectoring configurations provided slightly more 
flow turning than the MED nozzle. Values of re- 
sultant thrust vector angle 6 were generally within 
2" of the geometric vector angle Sv at values of NPR 
near the design NPR (5.6) for all configurations. The 
Sv = 10" configuration provided no discharge coeffi- 
cient penalty, whereas the 6, = 20" configurations 
had a 2-percent penalty (figs. 7(b) and 7(c)) relative 
to the unvectored nozzle cases. None of the vectored 
configurations experienced significant losses in resul- 
tant thrust ratio (less than 1 percent compared with 
the unvectored nozzles), indicating that the major- 
ity of the exhaust flow turning occurred subsonically 
where turning losses are small (ref. 13). 

Basic Data 

The basic aeropropulsive data obtained during 
this investigation are presented in figures 8 to 20 
for the various configurations tested. Thrust has 
been removed from these data with the use of pro- 
cedures outlined in the appendix; hence the results 
represent aerodynamic and/or thrust-induced aero- 
dynamic characteristics of the entire aft end. Two 
types of data presentation are made to illustrate the 
effects of nozzle pressure ratio and angle of attack. 
First, the variation of aft-end aerodynamic lift, drag, 
and pitching-moment coefficients with angle of at- 
tack is presented in figures 8 to 14 at NPR = 1 (jet 
off) and 5.6 (design pressure ratio). Second, the vari- 
ation of aft-end, afterbody, and nozzle aerodynamic 
drag coefficients with nozzle pressure ratio at a = 0" 
is presented in figures 15 to 20. Note that all basic 
data, including total (thrust included) and thrust- 
removed coefficients, are presented in tables 2 to 24. 

Figures 8 to 14 present aft-end aerodynamic char- 
acteristics at nozzle pressure ratios of 1 and 5.6 (de- 
sign pressure ratio). These data show that NPR 
effects on lift and pitching-moment coefficients are 
usually negligible; only drag coefficient is affected by 
jet operation. The variation of aft-end lift coefficient 

with angle of attack is generally nonlinear. This re- 
sult is typical for partially metric, afterbody propul- 
sion model data (e.g., see refs. 8 and 14) and is due 
to the changing wing downwash characteristics on 
the afterbody and empennage in the transonic speed 
range. Figure 8 shows that the tails-off, unvectored 
nozzle configurations have almost identical aerody- 
namic characteristics, which are nearly independent 
of angle of attack, for subsonic Mach numbers. At 
M = 1.20 and NPR = 5.6, the AX1 nozzle clearly 
has lower drag than the nonaxisymmetric nozzles 
throughout the angle-of-attack range. Figures 9 to 
13 show that for positive angles of attack, increasing 
the number of tails generally increases the aft-end lift 
coefficient at subsonic Mach numbers, and the mini- 
mum aft-end drag in all cases. Zero pitching-moment 
coefficient generally occurs at or near CL = 0, re- 
gardless of tail configuration for all unvectored nozzle 
configurations. 

The effects of thrust vectoring on the tails-off, 
aft-end aerodynamic characteristics of the HI noz- 
zle configuration are presented in figure 14. As ex- 
pected (see ref. 15), thrust vectoring increases lift at 
all Mach numbers. Examination of the jet-off lift co- 
efficient increments indicates that a portion of the lift 
increase associated with vectoring the nozzle is pro- 
duced by deflection of the vector flap into the free- 
stream flow. This jet-off lift increment varies with 
both Mach number and angle of attack, accounting 
for up to approximately 80 percent of the total lift 
increment due to thrust vectoring. Also, as expected, 
positive vector angles produced a nose-down pitching 
moment. 

The variation of aft-end drag coefficient with 
NPR is shown in figures 15 to 20. As will be discussed 
in the appendix (eq. (A8)), aft-end drag is the sum of 
afterbody drag and nozzle drag. Generally, the varia- 
tion of aft-end drag with nozzle pressure ratio results 
from thrust-induced effects occurring on the nozzles 
rather than on the afterbody. In fact, afterbody drag 
coefficient C D , ~ ~ ~  is nearly independent of NPR, in- 
dicating that either the pressure variations resulting 
from NPR changes do not feed forward onto the after- 
body or that the aft-facing area on the afterbody is 
so small (because of the small amount of afterbody 
closure) that any NPR-induced pressure changes oc- 
curring on these surfaces produce very little change 
in drag. 

The variations of aft-end drag (and corresponding 
nozzle drag) generally follow expected trends noted 
in references 7 and 14 for the unvectored configura- 
tions. Aft-end drag for the unvectored nozzles ap- 
pears to decrease with initial jet operation (NPR 
between 1 and 2). During this study no data were 
taken in this range of nozzle pressure ratio (between 1 
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and 2); however, results from previous studies (refs. 7 
and 14) noted that a drag minimum often occurred. 
When the jet is not operating, external flow must 
expand over the nozzle boattail to fill in the large 
base region behind the nozzle. This expansion acts 
to lower pressures on the nozzle boattail and thus 
causes increased drag on the nozzle. Upon initial op- 
eration of the jet, this expansion of the external flow 
is reduced, thus increasing boattail pressures and ul- 
timately reducing drag. Further increases in NPR 
from approximately 2.0 to the design NPR (in this 
case, 5.6) result in some external flow being entrained 
by the jet-exhaust flow. This entrainment accelerates 
the external flow around the nozzle boattails, thus re- 
ducing boattail pressures and again increasing drag. 
Once the design NPR is reached, nozzle internal flow 
becomes underexpanded and the flow must expand 
externally. The jet plume begins to enlarge, thus 
providing some blockage of the external flow in the 
vicinity of the nozzle exit. Because this plume block- 
age then decelerates the external flow, nozzle boattail 
pressures are increased and drag is decreased. 

Exceptions to these general aft-end drag/NPR 
trends occurred at subsonic speeds for both the 
medium- (fig. 17) and high-aspect-ratio nozzles 
(figs. 18 and 19). The largest differences occurred 
on the HI nozzle vectored configurations where an 
additional (and unexpected) decrease and increase 
in drag occurred at values of NPR between 2 and 4. 
Reasons for the deviation are believed to result from 
the fact that at  NPR = 2 the exhaust flow was signif- 
icantly overturned as noted in the discussion of nozzle 
static performance. As a result, upper nozzle boat- 
tail pressures, as shown in figure 21(a), decreased and 
lower nozzle boattail pressures increased. Since the 
lower vectored nozzle flap had little axial projected 
area relative to that of the upper flap, it is assumed 
that the increased drag on the upper flap dominated 
the overall nozzle drag trends. As NPR increased to 
NPR 2 3.0, flow overturning decreased and resultant 
thrust vector angle levels generally became nearly in- 
dependent of NPR; this resulted in the more con- 
ventional aft-end drag/NPR relationships discussed 
previously. 

Variations of aft-end drag with NPR for the un- 
vectored MED and HI nozzle configurations (figs. 17 
and 18) also generally deviate from the expected 
trends at  subsonic speeds. Again the NPR = 2.0 
point is believed to be the exception. This time, 
however, exhaust flow was being turned upward and 
resultant thrust vector angles of -5' and -6.3' 
were measured even though 6, = 0'. This upward- 
deflection exhaust flow appears to provide some 
blockage of the free-stream flow on the external up- 
per nozzle surfaces (thus increasing nozzle boattail 

pressures as shown in fig. 21(b)). Conversely, the ex- 
ternal flow on the lower nozzle-flap boattail appeared 
to accelerate (thus reducing lower flap boattail pres- 
sures). The net result is believed to be an overall 
increase in aft-end drag at NPR = 2 (relative to the 
aft-end drag level where 6 = 0'). 

In general, nozzle drag was only a small contrib- 
utor to aft-end drag at  subsonic speeds. In fact, 
the unvectored nozzle configurations (the MED and 
HI nozzles, especially) often had negative drag co- 
efficients, a result indicating that favorable positive 
pressures on the nozzle boattails are acting to reduce 
aft-end drag. Nozzle drag at supersonic speeds was 
always positive and generally accounted for between 
40 and 70 percent of the aft-end drag, and afterbody 
drag accounted for the remainder. 

The addition of empennage surfaces resulted in 
increased aft-end drag, as expected from reference 14. 
Drag increased as the number of tails increased. 
Most of this drag increase was measured on the 
afterbody, although tails often had a significant effect 
on nozzle drag as well. 

Figure 22 summarizes the data presented in fig- 
ures 15 to 18 at the design nozzle pressure ratio of 5.6. 
Note that this nozzle pressure ratio is a realistic en- 
gine operating condition only at M = 0.90. At sub- 
sonic Mach numbers the MED nozzle, with equal and 
moderate boattail angles (pc = 13.5'), provided the 
lowest drag of all nonaxisymmetric nozzle configura- 
tions and was competitive with, or better than, the 
twin axisymmetric nozzles with smaller boattail an- 
gles (& = 10'). This effect was true regardless of 
empennage arrangement. As noted previously, noz- 
zle drag was consistently lower on the MED nozzle 
than on either the LO or HI nozzles. 

At supersonic speeds the AX1 nozzles clearly pro- 
vided the lowest drag of all nozzle configurations 
while the HI nozzle generally had the highest drag. 
Even though the area distribution for all nozzle con- 
figurations was nearly identical, the smaller boattail 
angles associated with the axisymmetric nozzles ap- 
parently provided more favorable pressures on the 
nozzles and perhaps even on the interfairing region 
at  supersonic speeds. In all cases the MED nozzle 
had the lowest nozzle drag of the nonaxisymmetric 
nozzles (but it often had higher afterbody drag) so 
that differences in CD were generally small (within 
0.00 13). 

Effect of Tail Configuration 
The effects of nozzle pressure ratio on individual 

tail interference drag increments at cr = 0' are pre- 
sented in figure 23 for each unvectored configuration 
investigated. These results are summarized in fig- 
ure 24 at design pressure ratio (NPR = 5.6). Tail 
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interference increments are that portion of the com- 
plete drag resulting from tail-induced interference 
effects (tails-on drag versus tails-off drag). These 
tail interference increments are expressed as the tail- 
induced drag on the entire aft end ( A c D , i t ) ,  on the 
afterbody (ACD,~,), and on the nozzle (ACD,~,). A 
more detailed description of these measurements and 
how they are computed appears in the appendix. A 
negative tail interference increment indicates that the 
interference is favorable (tails-on drag less than tails- 
off drag). It should be noted that no attempt was 
made to optimize these tail configurations for low 
drag. 

Tail interference effects (fig. 24) are present at 
all test conditions, with the tail interference drag 
increments increasing in magnitude with increasing 
subsonic Mach number. Tail interference drag on 
the entire aft end and on the afterbody is gener- 
ally unfavorable. Tail interference drag increments 
on the nozzles are favorable at several conditions; 
however, they do not necessarily correspond to condi- 
tions discussed previously where nozzle drag was neg- 
ative. The largest tail interference drag increments 
on the aft end and afterbody occur, as expected, at  
M = 0.90 where tail interference drag can account 
for almost 60 percent of the drag on the entire aft 
end. At subsonic Mach numbers, tail interference 
drag increments ACD,~, on the aft end were generally 
smaller for the MED nozzle than for any other nozzle 
configuration. However, as might be expected based 
on the previous discussions of aft-end drag, values of 
ACD,it at M = 1.20 were lower for the axisymmetric 
nozzle configurations. The four-tail empennage ar- 
rangement provided the largest tail interference drag 
increment, independent of nozzle design. 

Conclusions 
An investigation has been conducted in the Lang- 

ley l6-Foot Transonic Tunnel t o  determine the effects 
of nozzle boattail design and empennage arrange- 
ment on the aft-end aerodynamic characteristics of 
a twin-engine fighter-type configuration. Three non- 
axisymmetric and one twin axisymmetric covergent- 

divergent nozzles were tested with three different tail 
arrangements: a two-tail V-shaped arrangement; a 
staggered, conventional t hree-tail arrangement; and 
a four-tail arrangement similar to that on the F-18. 
Tests were conducted at  Mach numbers from 0.60 to 
1.20 over an angle-of-attack range from -3' to 9'. 
Nozzle pressure ratio was varied from 1 (jet off) to 
approximately 12, depending on Mach number. An 
analysis of the results of this investigation indicated 
the following conclusions: 

1. All four unvectored nozzles had similar inter- 
nal static performance. Thrust vectoring was accom- 
plished with no significant losses of internal static 
performance when compared with the unvectored 
nozzles. 

2. At an angle of attack of 0' and subsonic Mach 
numbers, the medium-aspect-ratio nozzle (with equal 
boattail angles on the nozzle sidewalls and upper 
and lower flaps) had the lowest drag of any nonax- 
isymmetric nozzle configuration. The drag levels of 
the twin axisymmetric nozzle were competitive with 
those of the medium-aspect-ratio nozzle at subsonic 
Mach numbers and were clearly lower than those of 
the nonaxisymmetric nozzles at  a Mach number of 
1.20. 

3. Unfavorable tail interference effects were 
present at  all test conditions. Tail interference drag 
increments increased with increasing subsonic Mach 
number. 

4. At a Mach number of 0.90, adverse tail inter- 
ference effects accounted for a significant percentage 
of drag on the entire aft end, in some cases nearly 60 
percent. 

5. At subsonic Mach numbers the medium- 
aspect-ratio nozzle configurations generally had the 
least unfavorable tail interference drag increments, 
and the four-tail configuration generally produced 
the most unfavorable interference drag increments at 
all Mach numbers. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
March 26. 1987 
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Appendix 

Data Reduction and Calibration Procedure 

Calibration Procedure 

The main balance measured the combined forces and moments due to nozzle gross thrust and the external 
flow field of that portion of the model aft of FS 44.75. The tandem shell balance measured forces and moments 
due to the external flow field exerted over the afterbody and tails between FS 48.25 and FS 66.25. 

Force and moment interactions exist between the flow-transfer bellows system (fig. 6) and the main force 
balance because the centerline of this balance was below the jet centerline (fig. l(b)).  Consequently, single 
and combined loadings of normal and axial force and pitching moment were made with and without the jets 
operating with Stratford choke calibration nozzles. These calibrations were performed with the jets operating 
because this condition gives a more realistic effect of pressurizing the bellows than capping the nozzles and 
pressurizing the flow system. Thus, in addition to  the usual balance-interaction corrections applied for a single 
force balance under combined loads, another set of interactions were made to the data from this investigation 
to account for the combined loading effect of the main balance with the bellows system. These calibrations 
were performed over a range of expected normal forces and pitching moments. Note that this procedure is not 
necessary for the afterbody forces because the flow system is not bridged by the tandem shell balance. 

Data Adjustments 

In order to achieve desired axial-force terms, the axial forces measured by both force balances must also 
be corrected for pressure-area tare forces acting on the model and the main balance must be corrected for 
momentum tare forces caused by flow in the bellows. TLe external seal and internal pressure forces on the model 
were obtained by multiplying the difference between the average pressure (external seal or internal pressures) 
and free-stream static pressure by the affected projected area normal to the model axis. The momentum tare 
force was determined from calibrations with the ASME nozzle prior to the wind-tunnel investigation. 

Axial force minus thrust was computed from the main balance axial force with the following relationship: 

where FA,Mbal includes all pressure and viscous forces, internal and external, on both the afterbody and thrust 
system. The second and third terms account for the forward seal rim and interior pressure forces, respectively. 
The internal pressure a t  any given set of test conditions was uniform throughout the inside of the model; thus, 
no cavity flow was indicated. The momentum tare force  FA,^^^ is a momentum tare correction with jets 
operating and is a function of the average bellows internal pressure that is a function of the internal chamber 
pressure in the supply pipes just ahead of the sonic nozzles (fig. 6). Although the bellows were designed to 
minimize momentum and pressurization tares, small bellows tares still exist with the jet on. These tares result 
from small pressure differences between the ends of the bellows when internal velocities are high and also from 
small differences in the forward and aft bellows spring constants when the bellows are pressurized. The last 
term D f  (eq. (Al) )  is the friction drag of the section from FS 44.75 to FS 48.25. A friction drag coefficient of 
0.0004 was applied at all Mach numbers. 

Afterbody axial force is computed from a similar relationship as follows: 

Since both balances are offset from the model centerline, similar adjustments are made to the pitching moments 
measured by both balances. These adjustments are necessary because both the pressure area and bellows 
momentum tare forces are assumed to act along the model centerline. The pitching-moment tare is determined 
by multiplying the tare force by the appropriate moment arm and subtracting the value from the measured 
pitching moments. 
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Model Attitude 
The adjusted forces and moments measured by both balances were transferred from the body axis (which 

lies in the horizontal tail chord plane) of the metric portion of the model to the stability axis. The attitude 
of the nonmetric forebody relative to gravity was determined from a calibrated attitude indicator located in 
the model nose. Angle of attack a,  which is the angle between the afterbody centerline and the relative wind, 
was determined by applying terms for afterbody deflection, caused when the model and balance bent under 
aerodynamic load, and by a flow angularity term to the angle measured by the attitude indicator. The flow 
angularity adjustment was 0.lo, which is the average angle measured in the Langley l6-Foot Transonic Tunnel. 

Ideal Thrust 
The ideal isentropic gross thrust of each nozzle can also be determined if the weight-flow rate for each nozzle 

is known. The effective discharge coefficients of the eight sonic nozzles (fig. 6) forward of each of the nozzle 
tail pipes were determined and used for measuring mass flow. 

The total ideal isentropic gross thrust or exhaust jet momentum for both nozzles is 

where wp is the weight-flow rate measured by the critical flow multiple venturis and p t , j  is the average jet 
stagnation pressure. 

Thrust-Removed Characteristics 
The resulting force and moment coefficients (including thrust components) from the main balance include 

total lift coefficient CL,t , drag-minus-thrust coefficient C(D-F), and total pitching-moment coefficient Cm,t. 
Force and moment coefficients from the tandem shell balance are afterbody (plus tails) lift coefficient CL,aft, 
afterbody drag coefficient CD,aft, and afterbody pitching-moment coefficient Cm,aft. 

Thrust-removed aerodynamic force and moment coefficients for the entire model were obtained by deter- 
mining the components of thrust in axial force, normal force, and pitching moment and subtracting these 
values from the measured total (aerodynamic plus thrust) forces and moments. These thrust components at 
forward speeds were determined from measured static data and were a function of the free-stream static and 
dynamic pressure. Thrust-removed aerodynamic coefficients are 

CL = CL,t -Jet lift coefficient (-44) 

(A51 CD = C(D-F) + Thrust coefficient 

Cm = Cm,t - Jet pitching-moment coefficient (-46) 
Nozzle coefficients are obtained by simply combining the measured results from both force balances as 

follows: 

Tail Interference Terms 
Vertical and horizontal tail drag was defined as the sum of form drag plus skin-friction drag for M 5 0.90 

and wave drag plus skin-friction drag for M > 1.00. The subsonic form factors for the tails were calculated 
with the equation 
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Form factor = 1 + 1.44(t/c) + 2 ( t / ~ ) ~  ( A1O) 
where t/c denotes the thickness-chord ratio. The individual fairings required for each tail location were also 
included in the skin-friction and wave-drag calculations. Values of CD,tails are given in table 25. 

The tail interference terms used in this report are consistent with those used in references 8 and 14. The 
total empennage interference increment on the aft end was determined from 

AcD, i t  = (CD)tails on - (cD)tails  off - CD,tails ( A l l )  

where (CD)tails on is the measured total aft-end drag for a given configuration, (CD)tails off is the measured 
aft-end drag for the same afterbody-nozzle combination with the tails removed, and CD,tails is the computed 
value of tail drag as discussed previously. Hence, this total tail interference increment includes the interference 
effects of one tail surface on another, of the afterbody-nozzle combination on the tail surfaces, and of the tail 
surface on the afterbody-nozzle combination. It also includes drag increments associated with misalignment of 
the tail surfaces with the afterbody flow field. The empennage interference effects on the nozzles alone were 
found from the following equation: 

where the nozzle drags are obtained from equation (A8). This empennage interference increment, then, is the 
result of changes in nozzle external pressure distributions resulting from adding tail surfaces to an afterbody- 
nozzle configuration. The tail interference increment on the afterbody alone was then defined to  be the 
difference between the tail interference increments on the total aft end and the nozzles alone or 
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Table 1.  Index to Basic Data Tables 

Table 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Nozzle 
AX1 

i 
LO I 
I MED 

HI 
I 

1 
MED 

HI 

Tail 
configuration 

Off 
2 
3 
4 

Off 
2 
3 
4 

Off 
2 
3 
4 

Off 
2 
3 
4 

Off 
Off 
2 
3 
4 

Off 
2 

2 
3 
4 

Off 
2 
3 
4 

Off 
2 
3 
4 

Off 
2 
3 
4 

Off 
Off 
2 
3 
4 

Off 
2 

"Numbers refer to number of tails in empennage arrangement. 

20 
10 

1 
20 
20 
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Table 25. Tail Drag Coefficients 

M 
0.60 I 

I 
0.80 

0.90 

I 
1.20 

Empennage 
arrangement' Nozzle 

AXI 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

AX1 
LO 

MED 

4 

1 HI 
0.60 

LO 
MED 

AX1 

0.80 AX1 

CD,tails 
0.0013 

I 
I 
1 
I 
I 
I 

0.90 

1.20 

0.60 

0.80 

0.90 

1.20 I 

0.0038 

LO 
MED 

HI 
AX1 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

AX1 
LO 

MED 
HI 

1 
0.0017 

I 

1 
0.0016 

0.0052 
.0053 
.0053 
.0054 

0.0023 

0.0022 

0.0071 
.0072 
.0072 
.0073 

'Numbers refer to number of tails in empennage arrangement. 
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Top v iew 

Side v iew 

r 
5.35 

5 19 

-1.52 4 - 3 . 1 1  

IT-?- P, = pl - 5.220 

1-5.05 I 

FS 66.65 

(a) Low-aspect-ratio nozzle. 

Figure 4. Nozzle internal geometry. All dimensions are given in inches unless otherwise specified. 
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Top view 

Side view 

2.370 
L 

018 

5.05 I 

k 1 . 4 8 b 3 . 1 5 1  

FS 66.65 b- 3.13-1 

6Jdeg) bc, ,(de@ B,,$deg) 5 1. u Ideg) pt,[ldeg) pJdeg) p$deg) A e  / At 

0 13.5 13.5 14.5 14.5 4.12 4.12 1.38 
20 24.9 2 . 4  33.5 -6.5 -15.88 24.12 1.26 
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Figure 4. Continued. 
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Figure 4. Continued. 
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Figure 4. Concluded. 
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(a) Effect of nozzle configuration with 6, = 0' 

Figure 7. Nozzle static internal performance. 
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Figure 7. Continued. 
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Figure 7. Concluded. 
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